We investigated a double silicon-carbide p-layer structure consisting of a undiluted p-type amorphous silicon-carbide (p-a-SiC:H) window layer and a hydrogen diluted p-a-SiC:H buffer layer to improve a pin-type amorphous silicon based solar cell. Solar cells using a lightly boron-doped ͑1000 ppm͒ buffer layer with a high conductivity, low absorption, well-ordered film structure, and slow deposition rate improves the open-circuit voltage (V oc ), short-circuit current density, and fill factor by reducing recombination in the buffer layer and at p/buffer and buffer/i interfaces. It is found that a natural hydrogen treatment generated throughout the buffer layer deposition onto the p-a-SiC:H window layer is an advantage of this double p-layer structure. We achieved a considerable initial conversion efficiency of 11.2% without any back reflector.
I. INTRODUCTION
A carbon-alloyed amorphous silicon-carbide (a-SiC:H) buffer material has been developed to solve a heterojunction interface problem between a undiluted p-type a-SiC:H (p-a-SiC:H) window layer and an intrinsic amorphous silicon (i-a-Si:H) active layer in a-Si:H-based pintype thin-film solar cells. [1] [2] [3] Because the abrupt undiluted p-a-SiC:H/i-a-Si:H interface could be effectively graded through use of this buffer layer, the open-circuit voltage (V oc ) and short-wavelength response could be dramatically enhanced. Consequently, a high efficiency of 11.2% was obtained ͑with an Ag back electrode͒. 3 However, considerable recombination losses of photogenerated carriers are still generated at highly defective undiluted p-a-SiC:H/undiluted a-SiC:H and undiluted a-SiC:H/i-a-Si:H interfaces due to considerable amounts of dangling bond ͑DB͒ defects in undiluted a-SiC:H. 4 In addition, the reduction of the fill factor ͑FF͒, which originates from the low conductivity value of the buffer layer, limits the conversion efficiency. To solve these problems, we suggested nominally boron-doped microcrystalline silicon (p-c-Si:H) buffer layer. 5, 6 Due to its high conductivity, the nominally p-c-Si:H buffer slightly improves the FF, as well as considerably enhances V oc and the short-circuit current density (J sc ). Thus, a considerably high efficiency of 10.7% was achieved ͑with only an Al back electrode͒. 6 In order to improve the p/i interface of solar cells more intensively, we proposed a material of inhomogeneous boron-doped nanocrystalline silicon-carbide (p-nc-SiC:H) film containing nanocrystalline silicon dots embedded in an a-SiC:H matrix due to the hydrogen (H 2 ) dilution. This mixed phase material has a high conductivity, low defect density, and wide optical band gap. [7] [8] [9] Although the p-nc-SiC:H itself is a promising candidate as a window material, we used the conventional undiluted p-a-SiC:H window layer in order to prevent lowering of V oc due to a deterioration of a SnO 2 :F front electrode under H 2 circumstances. In this article, we used this material as the buffer layer at the p/i interface in order to improve the conversion efficiency of a-Si:H solar cells. Since the undiluted p-a-SiC:H window layer suppresses the formation of the crystallite, 10 the ultrathin buffer layer is indeed H 2 diluted p-a-SiC:H.
II. EXPERIMENT
The undiluted p-a-SiC:H films were grown by a direct photoassisted chemical vapor deposition ͑photo-CVD͒ technique using a mixture of Si 2 H 6 , B 2 H 6 , and C 2 H 4 reactant gases. The p-nc-SiC:H and H 2 diluted p-a-SiC:H films were prepared by a mercury ͑Hg͒-sensitized decomposition of a mixture of SiH 4 , H 2 , B 2 H 6 , and C 2 H 4 reactant gases. 8 To dissociate the gases, a low-pressure Hg lamp with resonance lines of 184.9 nm and 273.7 nm was used as an ultraviolet ͑UV͒ light source. In all depositions, the hydrogen dilution ratio (H 2 /SiH 4 ), ethylene gas flow ratio (C 2 H 4 /SiH 4 ), chamber pressure, substrate temperature, and Hg bath temperature were kept at 20, 0.07, 0.46 Torr, 250°C, and 20°C, respectively.
Using the photo-CVD system, we fabricated pin-type solar cells with a simple structure of glass/SnO 2 
͑1͒
In this parametrization, only one oscillator is used including four parameters A, E o , C, and E g represent, respectively, the amplitude, peak transition energy, oscillator broadening factor, and Tauc optical gap. The real part (⑀ 1 ) of the dielectric function is obtained by Kramers-Kronig integration of ⑀ 2 , which introduces a fifth parameter ⑀ 1 (ϱ). The regression process is performed by iteratively minimizing a weighted unbiased estimator with varying the model parameters. Figure 1 shows the dependence of solar cell parameters on the boron-doping ratio (B 2 H 6 /SiH 4 ) of the H 2 -diluted p-a-SiC:H buffer layer. For clarity, the thickness of the undiluted p-a-SiC:H window layer (d w ) is maintained at 17.5 nm. The d w value is the as-grown thickness before the buffer layer deposition. In the case of the buffer layer, we tried to adjust its thickness at the same value by monitoring the color variation of the substrate holder during the deposition. It is clearly seen that boron doping improves the V oc value due to the enhancement of the electric conductivity. For a borondoping ratio of 1000 ppm, V oc increases by 0.046 V over that of the undoped a-SiC:H buffer layer. The J sc value also slightly increases. With a further increase in B 2 H 6 /SiH 4 , both V oc and J sc gradually decrease. Therefore, the highest initial efficiency of 10.5% (V oc ϭ0.886 V, J sc ϭ17.2 mA/cm 2 , and FFϭ0.692͒ was obtained for the 1000 ppm doping, displaying a drastic improvement of cell performance when compared to its bufferless analog: (V oc ϭ0.834 V, J sc ϭ15.3 mA/cm 2 , FFϭ0.683, and efficiency ϭ8.73%͒.
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III. RESULTS
The corresponding spectral response of the cells is given in Fig. 2 . Compared to the bufferless analog, the collection efficiency of the cell having the 1000 ppm boron-doped buffer layer is dramatically enhanced in the wide shortwavelength region of 400-600 nm.
For B 2 H 6 /SiH 4 Ͼ1000 ppm, J sc decreases gradually with the increase in B 2 H 6 /SiH 4 . As shown in In the following analyses, we maintain B 2 H 6 /SiH 4 at its optimal value of 1000 ppm. Figure 4 J sc values increase with the enhancement of d w . Thus, the conversion efficiency improves gradually up to 10.3%. For d w Ͼ17.5 nm, the conversion efficiency decreases mainly due to the increased optical loss and the high resistivity of the window layer with larger d w . From the decreased FF, it can be speculated that the high resistivity of the window layer with larger d w reduces the photogenerated voltage by diminishing the current to the SnO 2 :F front electrode. 13 Figure 5 displays the dependence of the spectral response on the variation of d w . In the short-wavelength range of 400-440 nm, the collection efficiency is increased until d w reaches 16.2 nm. However, a reduction of the collection efficiency is followed by a further increase in d w . In the wavelength regime of 440-620 nm, the collection efficiency is enhanced until d w reaches 17.5 nm, and then reduced.
As can be seen in Fig. 6 , the dependence of cell performance on t b is less sensitive than its dependence on d w . The conversion efficiency improves to 10.8% due to the enhanced V oc and J sc as t b increases to its optimum value of 12 min. For t b Ͼ12 min, the conversion efficiency decreases due to the reduction of all parameters with the increase in the optical and electrical loss in a thicker buffer layer. Figure 7 depicts the corresponding spectral response of the cells under consideration. For t b р12 min, the collection efficiency at the wide short-wavelength region of 400-600 nm improves with the enhancement of t b . For t b ϭ13 min, the cell shows the highest collection efficiency at near 600 nm in spite of its poor values in the short-wavelength range of 400-440 nm. By further optimization of the H 2 -diluted p-a-SiC:H buffer layer (H 2 /SiH 4 ϭ25), we could achieve a remarkably high initial efficiency of 11.2% (V oc ϭ0.886 V, J sc ϭ17.6 mA/cm 2 , and FFϭ0.717͒ without any back reflector. After 20 h 1 sun ͑100 mW/cm 2 , AM 1.5͒ light soaking, this cell shows a considerable conversion efficiency of 9.21% ͑degradation ratio: 17.8%͒. However, a slow light-induced degradation is still proceeding. We performed SE measurement in order to address the structural modification of the undiluted p-a-SiC:H window layer after the H 2 -diluted p-a-SiC:H buffer layer deposition. Figure 8 provides the experimental ͑points͒ and simulated ͑solid line͒ SE angles ͑⌿,⌬͒ of a undiluted p-a-SiC:H (d w ϭ17.5 nm) single layer and a undiluted p-a-SiC:H (d w ϭ17.5 nm͒/H 2 -diluted p-a-SiC:H (t b ϭ12 nm, B 2 H 6 /SiH 4 ϭ1000 ppm) double layer prepared onto crystalline-silicon (c-Si) substrates. The latter has the same structure as the double silicon-carbide p-layer structure of the aforementioned solar cell with the initial conversion efficiency of 10.8%. Figure 9 shows the fitted dielectric function variations of the undiluted p-a-SiC:H window layer after the H 2 -diluted p-a-SiC:H layer deposition. We also provide the fitted dielectric functions of the H 2 -diluted p-a-SiC:H buffer layer formed onto the undiluted p-a-SiC:H window layer. After the buffer deposition, the thickness of an undiluted p-a-SiC:H window layer considerably decreases from 17.5 nm to 11.9 nm. The peaks of ⑀ 1 and ⑀ 2 spectra all shift to the lower energy and increase in their magnitudes. Note that the width of the ⑀ 2 spectrum significantly decreases from 2.38 eV to 1.46 eV after the buffer deposition. Since the width is expected to be inversely proportional to the excited state lifetime for transitions of carriers deep into the bands, the decrease in the width suggests increasing order in the film after the buffer deposition.
14 From the ⑀ 2 spectrum, a sharp absorption onset near 2.00 eV is found after the buffer deposition compared to an absorption onset near 2.30 eV before the buffer deposition. It can be ascribed to the decrease in the Tauc optical band gap parameter (E g ) of the Tauc-Lorentz model from the 2.22 eV to 1.84 eV. An ultrathin ͑3.2 nm͒ H 2 -diluted p-a-SiC:H buffer layer is formed on the window layer for a 12 min deposition, and thus the total thickness of the p-layer structure decreases from 17.5 nm to 15.1 nm. Its two dielectric functions exhibit higher peak positions and magnitudes than dielectric functions of the undiluted p-a-SiC:H window layers. A sharp absorption onset near 1.80 eV is shown due to the E g of 1.53 eV and the width of 1.56 eV. Although the Tauc-Lorentz model is currently the most widely used parametrization of the optical functions for a-Si:H alloys, it provides a lower optical band gap than an optical band gap deduced from transmittance and reflectance spectra. 15 It is due to the single Lorentz oscillator assuming ⑀ 2 is zero below the Tauc optical band gap. This assumption neglects the absorption in the subband-gap region and nearband-gap region. Therefore, actual optical band-gap values of p-a-SiC:H layers are expected to be higher than E g values obtained from the SE parametrization.
IV. DISCUSSION
It seems reasonable that H 2 dilution of SiH 4 in the buffer layer deposition causes hydrogen coverage of the growing film surface. 16 This process enhances the surface diffusion coefficient of precursors decomposed by UV illumination initiating precursors adsorbed at the growing surface to find their energetically suitable sites. 17 This results in slow R d , which decreases the structural disorder in the film. On the other hand, the electrical conductivity of the buffer layer can be enhanced due to the shift of the Fermi level to the valence band through use of boron doping. 18 However, boron hydride radicals such as BH 3 may also be created due to the presence of a considerable amount of hydrogen atoms, thus inducing a hydrogen cleaning-up action of the growing surface. 16 In turn, the depletion of hydrogen coverage will take place, reducing the migration of adatoms and increasing the R d value. The aforementioned mechanism shows that an increase in B 2 H 6 /SiH 4 results in an enhancement of the structural disorder due to the increase in R d . Consequently, its increased structural disorder can cause a shrinking in the E 04 optical band gap ͑see Fig. 3͒ .
Therefore, ϳ1000 ppm B-doped H 2 -diluted p-a-SiC:H buffer layers with low absorption can contribute to forming high built-in potentials for generating strong electrical fields in active i-a-Si:H of solar cells, resulting in the improvement of V oc and J sc values, as shown in Fig. 1 . In particular, as indicated by the corresponding spectral response given in Fig. 2 , the cell with the 1000 ppm doped buffer layer exhibits an excellent spectral response in the wide short-wavelength region of 400-600 nm, which exceeds the collection ability of the nominally p-c-Si:H buffer layer. 6 The decrease in J sc with the further increase in B 2 H 6 /SiH 4 can be partially ascribed to the high absorption in the buffer caused by the decrease in its optical band gap.
In addition to these advantages, the insertion of such a H 2 -diluted buffer into the p/i interface can provide a natural hydrogen treatment for the undiluted p-a-SiC:H window layer during the buffer growth. In the case of the bufferless solar cell, the maximum conversion efficiency of 8.73% (V oc ϭ0.834 V, J sc ϭ15.3 mA/cm 2 , and FFϭ0.683͒ was achieved with d w ϭ11.0 nm, whereas a lower efficiency of 8.16% (V oc ϭ0.815 V, J sc ϭ15.0 mA/cm 2 , and FFϭ0.666͒ was obtained with d w ϭ17.5 nm. However, when we used the H 2 -diluted p-a-SiC:H buffer layer, as shown in Fig. 6 , the best d w of 17.5 nm was achieved. From the SE analysis, we can conclude that two processes occur during the buffer layer deposition: ͑i͒ considerable layer-by-layer etching of the undiluted p-a-SiC:H window layer. As R d of the buffer layer is small ͑ϳ1.2 nm/min͒ for 1000 ppm doping, a considerable amount of reactive hydrogen atoms originate from UV irradiation and significantly etch the defective undiluted p-a-SiC:H surface until the buffer layer covers the surface. ͑ii͒ Weak Si-Si breaking modifies the pseudo-dielectric functions of the undiluted p-a-SiC:H window layer by relaxing the network. 19 From the reduced V oc for d w Ͻ17.5 nm shown in Fig. 4 , d w must be larger than 17.5 nm in order to prevent the reduction of the SnO 2 :F front electrode due to diffused hydrogen atoms. Hydrogen atoms can diffuse by hopping between the dangling bond sites of the p-a-SiC:H layer. 20, 21 Thus, the latter process is expected to proceed throughout the buffer deposition, while the rate of the modification decreases after the end point of the former etching process. On the other hand, the diffused hydrogen atoms into the undiluted p-a-SiC:H window layer can slightly improve the electrical conductivity by the induced activation of boron dopants 5 and terminate some DB states at the interface. Despite the decrease in the optical band gap after the buffer deposition, the J sc value drastically improves due to a considerable etching and an increase in structural order from the defective as-grown undiluted p-a-SiC:H window layer, as well as a good undiluted p-a-SiC:H/H 2 diluted p-a-SiC:H interface formation. Since this natural hydrogen treatment effect is intensified according to the retardation of the H 2 -diluted p-a-SiC:H surface formation, lower doping of the buffer layer is more beneficial to the improvement of J sc , as shown in Fig. 2 .
Finally, we want to emphasize the benefits of this highly conductive H 2 -diluted p-a-SiC:H buffer layer. Figure 10 displays the band diagram that explains the increase in the built-in potential (V bi ) by using the highly conductive H 2 -diluted p-a-SiC:H buffer layer. It is considered that a high conductivity of the buffer improves the built-in potential of a-Si:H solar cell: ͑i͒ by lowering a barrier potential ( b2 Ϫ b1 ) between the SnO 2 :F transparent front electrode and the undiluted p-a-SiC:H window layer, and ͑ii͒ by the band lift arising from the Fermi Level location of the buffer closer to the valence-band edge (E va ) of the i-a-Si:H absorber. Compared to the a-Si:H solar cell using the undoped buffer layer, the cell using 1000 ppm doped buffer layer shows the higher V oc ͑see Fig. 1͒ . Obviously, the cell using the undoped buffer layer shows the higher collection efficiency in the short-wavelength region of 400-460 nm than the cell using 1000 ppm doped buffer layer ͑see Fig. 2͒ . It can be attributed to the wider optical band gap of the undoped buffer layer and a thinner undiluted p-a-SiC:H window layer after the slower undoped buffer deposition. However, the cell using 1000 ppm doped buffer layer has a higher J sc by exhibiting the higher collection efficiency in the wavelength region of 480-680 nm. It can be concluded that electron backdiffusion to the undiluted p-a-SiC:H window layer FIG. 10 . Band diagram that explains the increase in the built-in potential (⌬V bi ϭ b2 Ϫ b1 ϩ⌬E va ) by using the highly conductive H 2 -diluted p-a-SiC:H buffer layer. The b2 Ϫ b1 value denotes a potential difference at the SnO 2 :F/undiluted p-a-SiC:H window interface originating from the buffer deposition. The ⌬E va value describes the band lift arising from the Fermi level location of the buffer closer to the valence-band edge of the i-a-Si:H absorber.
is effectively diminished by using the highly conductive buffer layer.
IV. CONCLUSIONS
From the above discussion, we can conclude that employing a lightly boron-doped ͑ϳ1000 ppm͒ ultrathin H 2 -diluted p-a-SiC:H buffer layer with a high conductivity, low absorption, well-ordered film structure, and slow deposition rate reduces the recombination in the buffer layer and at the p-window/buffer/i interfaces, resulting in the dramatic improvement of V oc and J sc values as well as the increase in FF. Based on the SE analysis, we conclude that a natural hydrogen treatment for the undiluted p-a-SiC:H window layer occurs during this H 2 -diluted buffer layer deposition.
We have achieved the considerable initial conversion efficiency of 11.2% without any back reflector. Therefore, we try to achieve a higher conversion efficiency via highly stable and textured intentionally hydrogen incorporated ZnO ͑ZnO:H͒ 22 or ZnO:H/Ag back reflector.
